Abstract: Hemerythrin-like proteins have generally been studied for their ability to reversibly bind oxygen through their binuclear nonheme iron centers. However, in recent years, it has become increasingly evident that some members of the hemerythrin-like superfamily also participate in many other biological processes. For instance, the binuclear nonheme iron site of YtfE, a hemerythrin-like protein involved in the repair of iron centers in Escherichia coli, catalyzes the reduction of nitric oxide to nitrous oxide, and the human F-box/LRR-repeat protein 5, which contains a hemerythrin-like domain, is involved in intracellular iron homeostasis. Furthermore, structural data on hemerythrin-like domains from two proteins of unknown function, PF0695 from Pyrococcus furiosus and NMB1532 from Neisseria meningitidis, show that the cation-binding sites, typical of hemerythrin, can be absent or be occupied by metal ions other than iron. To systematically investigate this functional and structural diversity of the hemerythrin-like superfamily, we have collected hemerythrin-like sequences from a database comprising fully sequenced proteomes and generated a cluster map based on their all-against-all pairwise sequence similarity. Our results show that the hemerythrin-like superfamily comprises a large number of protein families which can be classified into three broad groups on the basis of their cation-coordinating residues: (a) signal-
Introduction
Hemerythrin was initially described as a multimeric O 2 carrier-protein with a binuclear nonheme iron center and with a distribution that, at first, appeared to be limited to three phyla of marine invertebrates, Brachiopoda, Priapulida, and Annelida. 1 Over the past decade, however, hemerythrinlike proteins have been identified in many taxonomically distant groups including humans, 2-4 plants, 5 bacteria, [6] [7] [8] [9] [10] and archaea (PDB code: 2P0N). The function of these binuclear nonheme Fe-containing proteins (e.g., hemerythrin, myohemerytrin, bacteriohemerythrin) is tightly related to O 2 -binding and activation, [11] [12] [13] a trait indicative of the major evolutionary pressure exerted by atmospheric and oceanic oxygenation since the late Archaean Eon on the biosphere. 14 It has been proposed that hemerythrin homologs that reversibly bind O 2 (hemerythrin, myohemerytrin, 15 and bacteriohemerythrin 16 ) belong to a monophyletic group that appeared during this period of increasingly oxidizing conditions. 14 The basic structural fold of hemerythrin-like proteins consists of an up-and-down four helix bundle with an overall right-handed path. [17] [18] [19] Most structures exhibit a binuclear cation-binding site in which each helix contributes to the metal-ion coordination with at least one residue. The first coordination sphere of the binuclear five-coordinate/six-coordinate nonheme Fe(II) site of O 2 -binding hemerythrins includes five histidines, two bridging carboxylates from a glutamic and an aspartic acid residues, and a m-oxo/hydroxo bridge. 20 However, the cation-binding residues are not conserved in all solved hemerythrin structures (Table I) . For instance, the catalytic site of hemerythrin in YtfE, 24 a repair iron centers protein from Escherichia coli, has been shown to involve four instead of five histidine residues, and two carboxylate bridges from two glutamic residues instead of one glutamic and one aspartic acid residues. This arrangement results in a five-coordinate/five-coordinate binuclear Fe(II)-binding site with nitric oxidereductase activity 24 that is likely to be part of a defense mechanism against DNA damage associated with NO. A survey of the literature reveals that many other functionally characterized hemerythrincontaining proteins have a cation-binding motif that is different from the H-HxxxE-HxxxH-HxxxxD motif of signal-transduction and oxygen-carrier hemerythrins. For instance, the primary structure of the Rv2633c hemerythrin-like catalase from Mycobacterium tuberculosis (Uniprot ID: P9WL59), 25 and hemerythrin homologs in Mycobacterium smegmatis (Uniprot IDs: A0QXI3, A0QV17, and A0R5J3); 26 Anabaena sp. strain PCC7120 (Uniprot ID: Q8YS92); 27 Aeromonas hydrophila (Uniprot ID: A0KMZ0); 10 Acidothermus cellulolyticus (Uniprot ID: A0LQU2); 28 Oryza sativa subsp. japonica (Uniprot IDs: V9G2Z0; and Q6AUD8) and Arabidopsis thaliana (Uniprot ID: Q8LPQ5), 5 suggests that these proteins also have differences in the first coordination-sphere of the iron centers, but there is no available confirmation from structural data. Although the evolutionary relationships among a group of protein sequences closely related to signal-transduction and oxygen-carrier hemerythrins have been described elsewhere, 14,29-31 a comprehensive evolutionary analysis and classification of hemerythrin-like proteins is lacking. In this study, we report the outcome of an extensive bioinformatic analysis of hemerythrin-like proteins and present their classification into three major groups based on the conservation of cation-coordinating residues.
Results and Discussion

Structural analysis
The structures of hemerythrin-like homologs in the Protein Data Bank (PDB) were identified using the HHpred webserver. 32 We found 27 structures corre- (Table II) . While seven of the analyzed eight structures showed a right-handed four-alphahelix bundle, characteristic of hemerythrin, a distinctive two-helix swap was identified in the hemerythrinlike structure of YtfE. This rearrangement preserves the up-and-down topology of the fold, but results in a left-handed four-helix bundle (Fig. 1) . Because of this topological difference, the alignment of full protein structures produced suboptimal results (Supporting Information Table SI) . We therefore performed further structural analysis of hemerythrin-like proteins based on the comparison of their metal-binding sites using MetalS2. 33 The local similarity between pairs of proteins was evaluated by their MetalS2 score and by the percent identity of the superposition-derived sequence alignment (Table II) . Scores lower than 2.25 indicate a high level of structural similarity. 33 The entire set of hemerythrin homologs aligned with MetalS2 scores of below 2. Hemerythrin, myohemerythrin, bacteriohemerythrin, and the hemerythrin-like domain of DcrH from Desulfovibrio vulgaris are closely related (sequence identity >40%) and aligned with a MetalS2 score below 1. These hemerythrin homologs have a characteristically conserved 5H/1E/1D ligation of the binuclear iron site (Table I) .
The hemerythrin-like domains of NMB1532 (PDB ID: 2P0N) and YtfE (PDB ID: 5FNN) are distantly related (sequence identity <25%), but they have a very similar tertiary structure, as shown by their structure alignment score (Table II) . The twohelix swap in YtfE maintains the local structure of the binuclear site, in which helix a 1 and helix a 3 each donates one histidine residue, and both helix a 2 and helix a 4 donate a histidine and a glutamate. An important difference between these two structures is the presence of two manganese ions coordinated to the hemerythrin domain of NMB1532 from Neisseria meningitidis (PDB code: 2P0N). Because presently no functional data is available for NMB1532, it is unknown whether manganese ions are naturally present in hemerythrins. The hemerythrin-like domain of FBXL5, in which a disordered region substitutes part of helix a 3 , exhibits the worst superimposition scores of the homologous set. The binuclear site of the hemerythrin domain in these proteins is asymmetrical: a 2 donates an additional glutamic acid, and the disordered region that replaces part of helix a 3 donates the third histidine residue of the cation-coordination.
Cluster analysis
To map out sequence and evolutionary relationships between the members of the hemerythrin-like superfamily in a comprehensive fashion, we searched for hemerythrin-like sequences in 2580 fully sequenced genomes (Table III) and identified a total of 6599 sequences, which were subsequently clustered in CLANS 34 ( Fig. 2) based on their all-against-all pairwise similarities as measured by BLAST P values. In addition to a large family of oxygen-carrier and oxygen-sensing hemerythrins, several independent clusters were identified. These clusters fall into three broadly defined groups based on the conservation of cation-coordinating residues: signal-transduction and oxygen-carrier hemerythrins (H-HxxxE-HxxxHHxxxxD), hemerythrin-like (H-HxxxE-H-HxxxE), and metazoan F-box (H-HExxE-H-HxxxE) proteins. Their phylogenetic distribution indicates that the metazoan F-box proteins set is the most recent one. Internal symmetry within most hemerythrin-like and metazoan F-box protein sequences (Fig. 3 , Supporting Information Table SI ) strongly suggests that the hemerythrin fold originated by duplication and fusion of an ancestral helix-loop-helix motif.
O 2 -carrier hemerythrins and closely related sequences. Signal-transduction and O 2 -carrier hemerythrins form a tightly connected group in the map containing 1424 hemerythrin sequences from bacterial, archaeal, and eukaryotic species, in which the motif H-HxxxE-HxxxH-HxxxxD is conserved. These conserved positions, which represent a variation from the H-HxxxE duplicate, contribute to the 5H/1E/1D ligation to iron (Table I) Table SI) . Hemerythrin-like proteins containing signal transduction and chemotaxis domains were conspicuously identified in proteobacteria, where they also have been functionally characterized. For instance, the oxygen-sensing protein DcrH (Uniprot ID: Q726F3) from D. vulgaris comprises an N-terminal double sensory domain dCache_3 (Pfam accession: PF14827), followed by a domain of unknown function (Pfam accession: PF07889) and a methylaccepting chemotaxis-protein signaling domain (Pfam accession: PF00015). Hemerythrin is located at the C-terminal end of this protein. A different protein domain organization occurs in VC1216, a signal transduction protein from Vibrio cholerae in which hemerythrin is followed by a GGDEF diguanylate cyclase domain (Pfam accession: PF00990). Different arrangements of sensory and chemotaxis domains (such as TadZ_N, HPTransfase, MEKHLA, MCPsignal, TarH, and HAMP) were also present in sequences from Spirochaetes and Firmicutes species (Supporting Information Fig. S2 ), suggesting that in these cases, hemerythrin may be involved in a wide range of cellular responses to O 2 (Fig. 2, Table IV ).
H-HxxxE-H-HxxxE hemerythrins. At a P value cutoff of 1e-13, a total of 4957 bacterial, archaeal, and eukaryotic sequences exhibiting a characteristic conservation of the H-HxxxE repeat formed many 
distinct, but profusely connected clusters. These hemerythrin-like sequences comprise more than a dozen groups, the majority of which are poorly studied. As shown in 37 were identified and are indicated on the cluster map (Fig. 2) . This system is involved in iron mineralization and oxidative stress protection through encapsulation in Firmicutes. 37 For the most part, linear combinations of domains in hemerythrin-like proteins are both cluster-and phylum-specific, with the clear exception of ScdA_N-and PAS_10-containing hemerythrins, which were identified in taxonomically distant species.
Hemerythrin-like sequences of repair ironcenter proteins form a large sub-cluster (colored dark green in the map). These hemerythrin-like proteins contain a domain of unknown function termed ScdA_N (Pfam accession: PF04405). Two characterized hemerythrin-like RIC proteins, NorA from the denitrifier species Ralstonia eutropha and YtfE from Escherichia coli, have the ability to bind nitric oxide. Nitric oxide and reactive nitrogen species are deleterious products of denitrification and host immune system responses, particularly damaging to iron- sulfur clusters 38 and to DNA. 39 The hemerythrinlike domain of YtfE has been shown to catalyze the reduction of nitric oxide to nitrous oxide. 24, 40 DUF438-and/or PAS-containing hemerythrinlike proteins (dark blue) often have an additional domain (DUF1858, Pfam accession: PF08984) similar to ScdA_N. This group is closely related to hemerythrin-like RIC proteins. PF0695 is a PAScontaining hemerythrin-like protein from Pyrococcus furiosus that has been structurally determined by Xray crystallography (PDB code: 3CAX), but its biological function remains uncharacterized. Interestingly, multiple sequence alignments show that the first and the last iron-coordinating histidine residues are not conserved in PF0695 and most DUF438-and/or PAS-containing hemerythrin-like proteins, suggesting that these may be naturally occurring metal-free proteins. Internal structure and sequence symmetry was detected in the hemerythrin-like domain of YtfE and PF0695 (HHrepID P values of 2.5e-7 and 4.4e-12, respectively). The N-and C-terminal halves of both hemerythrin-like structures were superposed at RMSDs of less than 3Å (Fig. 3) . hemerythrin-like domain could function as an iron sensor to avoid harmful intracellular iron overload.
28,41
Plant-specific hemerythrin-like sequences form two distinct groups: hemerythrin-containing BRU-TUS proteins and hemerythrin GSTs. BRUTUS proteins were identified in species of Chlorophyceae, Trebouxiophyceae, Mamiellophyceae, Klebsormidiophyceae, and Streptophytina. These sequences contain several zinc fingers motifs (zf-CHY, zf-rbx1, zinc_ribbon_6), and a Prok-RING_2 domain (Pfam accession: PF14445), which suggests that they are E3-ligases that participate in iron regulation, 5,42 a process equivalent to that present in animals (see below). Internal sequence symmetry found in most hemerythrin homologs was not detected in hemerythrin-like sequences from BRUTUS proteins. Hemerythrin GST sequences were found exclusively in species of Streptophytina. While most hemerythrin GSTs have a GST_N_3 (Pfam accession: PF13417) N-terminal domain, seven sequences in this group contain a structurally similar 43 MetRS-N fold (Pfam accession: PF09635). Hemerythrin GSTs may be involved in heavy metal-detoxification processes in plants. 44, 45 Metazoan iron-sensing hemerythrins. The most distant group of homologues we have detected consists of a set of F-box-like iron-sensing proteins possessing a conserved H-HExxE-H-HxxxE motif. Leucine-rich repeats are present in most of these proteins (Fig. 2) . In the case of the human protein FBXL5, the N-terminal hemerythrin domain undergoes conformational changes depending on oxygen and iron availability. A case of local structure convergence. A similarity search using MetalS3 46 gathered structures with equivalent metal coordination sites and surrounding chemical species within 5 Å from the metal-ion. A significant result (total score < 2) was obtained for Q4MWP8, an uncharacterized protein from Bacillus cereus G9241. Unlike hemerythrins, in which the cation coordination internally crosslinks the four helices of the fold, the binuclear nonheme coordination site in Q4MWP8 is located at the interface of four discontinuous fragments of sequence from bromodomain-like folds (Fig. 4) . Bromodomains are putative protein-protein interaction domains 47 with no apparent phylogenetic relationship to the hemerytrin-like domain superfamily, and the local structural similarity around the binuclear iron- binding site apparently constitutes a case of local structural convergence (Fig. 4) .
Conclusions
Here we present a bioinformatic analysis of hemerythrin homologs, which compose a diverse multifunctional protein domain superfamily. We have identified at least three broad groups within the hemerythrin-like superfamily by well-defined sequence and structure similarity criteria. These are characterized by having a set of conserved residues at putative cation-coordinating sites. Sequences in the hemerythrin-like group exhibit symmetrical traits both in sequence and structure, suggesting a possible origin of hemerythrin through a duplication and fusion event involving a primordial two-up-anddown helix motif containing a single H-HxxxE cation-coordination site (Fig. 5 ). This duplication resulted in an increase of the functional properties of the metal site, as the contemporary role of characterized hemerythrins relies on the presence of both iron-binding sites. Moreover, binuclear non-heme Fe enzymes essentially perform O 2 -dependent reactions. 13 This functional trait must have been incorporated to cellular metabolism as a response to free O 2 conditions. Both the sequence cluster topology and the specialized function of signal-transduction and oxygen-carrier hemerythrins (H-HxxxE-HxxxHHxxxxD) as well as F-box proteins (H-HExxE-HHxxxE) suggest a recent divergence of these families from the core cluster. Incorporation of hemerythrin domains into proteins by domain shuffling events and lateral gene transfer appears to be a recurrent trait during the complex evolutionary history of this fold superfamily.
Materials and Methods
Homology search
To identify evolutionarily distant members of the hemerythrin-like domain superfamily, a database of profile HMMs, comprising Protein Data Bank (PDB) entries clustered down to a pairwise sequence identity of 70% (PDB70), was searched using HHpred with default parameters, 48 using as query the sequence of bacteriohemerythrin (Uniprot ID: Q60AX2) from Methylococcus capsulatus. Protein sequences having an aligned region with HHpred probability higher than 90% were retrieved. We constructed multiple sequence alignments of these aligned regions with HHblits 49 using default parameters. The multiple sequence alignments were then converted to Hidden Markov Models (HMMs) with HMMER3. 50 We used hmmsearch 50 to identify statistically significant matches (E value cutoff of 1e-3 or lower) to the generated HMMs in the sequence database Uniprot. 51 
Sequence analysis
To delineate the domain composition of proteins gathered by hmmsearch, profile HMMs were built for every sequence following the same methodology as for the initial homology search, and were subsequently compared to the PfamA 30.0 profile HMM database 52 using HHsearch. Only protein domains identified with a probability of 70% or higher were considered.
Cluster analysis
Sequence regions comprising only hemerythrin-like domains were clustered in CLANS 34 based on their BLAST P values. Clustering was performed to equilibrium in two-dimensional space at a P value cutoff of 1e-10, using default settings. Sequence clusters formed at a cutoff value of 1e-13 were aligned with MAFFT. 53 Finally, in order to detect internal symmetry in hemerythrin-like proteins, sequence clusters formed at a P value cutoff of 1e-18 were aligned, and the resulting multiple sequence alignments were analyzed with HHrepID, 32 using default parameters.
Noncluster forming sequences were analyzed individually. To corroborate the presence of internal symmetry at the structure level, the repeat fragments were superposed in hemerythrin-like proteins of known structure with TMalign. 54 Local structural analysis of the metal ion sites
Three-dimensional models of hemerythrin homologs revealed a helix swap on one of the hemerythrin-like domain families, which made it difficult to obtain a correct structural alignment with most algorithms (Supporting Information Table SI) . To evaluate the structural similarity between cation-coordinating sites of hemerythrin homologs we used MetaS2, which is a local structure alignment strategy that starts by superimposing the metal ions and the donor atoms of a pair of structures. The MetaS2 algorithm scores alignments considering sequence similarity, fractional coverage of the smallest site and fragmentation. 33 Lower scores indicate more similar environments of a pair of metal-binding sites. 33 For comparison, we also included the structure of an uncharacterized protein (Q4MWP8 from Bacillus cereus G9241, PDB code: 3DBY) with a cation-coordination site structurally similar to that of hemerythrin homologs (Fig. 1) . The Metals2 score was used as a measure of the local structural pairwise superposition of the metal-binding sites compared. 33 
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